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The role of interleukin-12 (IL-12) was investigated in different shock models using anti-IL-12 reagents. IL-12
is composed of two disulfide-bonded subunits, p35 and p40. The IL-12 p40 homodimer (p40), has been shown
to be a potent IL-12 antagonist in vitro. We investigated its in vivo inhibitory capacity in different shock models
of mice. We could demonstrate that (p40), is able to protect mice from septic shock in primarily IL-12-
dependent models such as the Shwartzman reaction and lipopolysaccharide (LPS)-induced shock, whereas
(p40), has no effect in the tumor necrosis factor alpha-dependent LPS/p-GalN shock model. In IL-12-
dependent shock models, (p40), inhibits IL-12-induced gamma interferon production and thereby interferes
with the cascade of cytokine release, finally leading to death.

Septic shock results from uncontrolled sequential release of
cytokines such as tumor necrosis factor alpha (TNF-a), inter-
leukin-1 (IL-1), IL-6, and gamma interferon (IFN-y) in re-
sponse to infection with gram-negative bacteria (1, 4, 5, 7, 23,
25,26) and in response to endotoxins. Septic shock is of clinical
relevance in spite of adequate antibiotic and supportive ther-
apy.

In mice, several different lethal shock syndromes are known.
The so-called Shwartzman reaction is induced by two consec-
utive injections of lipopolysaccharide (LPS) (3). A priming
dose of LPS, injected intradermally in the footpad, is followed
24 h later by an intravenous challenge LPS injection. After this
challenge injection that is not lethal without the priming injec-
tion, the mice die within 48 h from disseminated intravascular
coagulation, vascular occlusion, hemorrhage, perivascular ac-
cumulation of leukocytes, and necrosis (24). This hypersensi-
tivity reaction occurs only as a consequence of careful dosage
and timing of LPS injections and needs specific routes of ad-
ministration. The Shwartzman reaction is elicited by induced
endogenous factors acting in a precise sequence. LPS induces
the release of IL-12, which induces the production of IFN-y,
which finally primes macrophages (and other cell types). Upon
LPS challenge, the lethal reaction is induced by a massive
production of inflammatory cytokines by sensitized macro-
phages: TNF-a and IL-1 are thought to be the lethal effector
molecules acting on target sites already sensitized by IFN-vy.

The second investigated shock model is induced by an in-
traperitoneal (i.p.) injection of an appropriate dose of LPS
(LPS shock). In this model, it was reported that administration
of polyclonal anti-IL-12 immunoglobulin G (IgG) substantially
reduced LPS induction of IFN-y production, but effects of
anti-IL-12 on mortality were not described (13).

The third investigated shock model is induced by i.p. injec-
tion of LPS and Dp-galactosamine (LPS/D-GalN shock). It has
been shown that D-GalN dramatically sensitizes mice to the
lethal effect of LPS (8). Studies of TNF receptor (TNFR)
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p55-deficient mice revealed that lethality in this model de-
pends on TNFR p55-mediated activation (20, 22). The effects
of IL-12 blockade in this model have not been previously
reported.

The purpose of this study was to characterize the role of
IL-12 in shock induction in these various models. Furthermore,
we were interested in testing whether IL-12 p40 homodimer
(p40),, which has been shown in vitro to act as an IL-12
receptor antagonist (11, 16), is able to prevent IL-12-depen-
dent activities in vivo. It was previously shown in both binding
assays and bioassays in vitro that mouse IL-12 p40 dimer is 25-
to 50-fold more potent as an IL-12 antagonist than mouse
IL-12 p40 monomer (11). It could not be excluded that the
lower levels of antagonist activity observed for preparations of
purified p40 monomer were mediated, at least in part, by a
small amount of contaminating dimer. In preliminary studies,
the pharmacokinetics of mouse p40 dimer in mice appeared to
be very similar to those of mouse IL-12 heterodimer, with a
terminal elimination serum half-life of 3 to 5 h. Thus, in the
present study, we focused on the potential in vivo antagonist
activity of recombinant homodimeric IL-12 p40.

MATERIALS AND METHODS

Mice. Specific-pathogen-free female NMRI and C57BL/6 mice, 8 to 10 weeks
of age, were purchased from Biological Research Laboratory (Fiillinsdorf, Swit-
zerland).

Reagents. (i) LPS. Serratia marcescens LPS (Sigma Chemical Co., St. Louis,
Mo.) and Salmonella abortus-equi LPS (SEBAK, Aidenbach, Germany) were
dissolved in pyrogen-free saline to 10 mg/ml and sterilized by filtration through
0.22-pwm-pore-size filters. Aliquots were stored frozen at —20°C.

(ii) IL-12 p40 homodimer. Dimeric p40 was produced by CHO cells stably
transfected with mouse IL-12 p40 cDNA and purified as described previously (9).
Purified p40 homodimer was >95% pure, as assessed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis; endotoxin contamination was <10 IU/mg of
p40 protein, as measured by the Limulus amebocyte lysate assay.

(iii) Antibodies. Rat monoclonal antibodies (MAbs) XMG1,2 and AN18 are
IgG1 antibodies against mouse IFN-y (mIFN-y) (6, 21). Rat MAb GR20 is an
IgG2a antibody specific for the mIFN-y receptor (2). MAbs C15.6.7 and 10F6
neutralize mIL-12 activity (10, 27). Irrelevant rat IgG was from Sigma. All
antibodies contained <0.05 IU/mg of protein, as detected by the Limulus ame-
bocyte lysate assay. TNFR p55 IgG was produced and purified as described
previously (14).

Shwartzman shock. The generalized Shwartzman reaction was elicited by two
consecutive injections of Serratia marcescens LPS in female NMRI mice, 8 to 10
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TABLE 1. Homodimeric IL-12 p40 prevents mortality in the
Shwartzman reaction

Treatment No. of expt No. of survivors/no. tested % Survival
PBS 7 3/35 9
Anti-IFN-y* 7 35/35 100°
Anti-IL-12° 1 4/5 80¢
Rat IgG 2 0/10 0
(p40),°

100 pg 4 19/20 95¢
10 pg 2 2/10 20
1 pg 1 0/5 0
TNFR IgG? 2 2/10 20

“10 wg of rat anti-mIFN-y MAb XMG1,2 was administered i.p. at time of
priming.

100 pg of rat anti-mIL-12 MAb 10F6 was administered i.p. at time of priming
and 10 and 23 h later.

¢ Indicated doses of homodimeric p40 were administered i.p. at time of prim-
ing and 10 and 23 h later.

420 pg of TNFR IgG was administered i.p. at time of priming and 22 and 24 h
later.

¢ Significantly different (P < 0.002) from values for PBS- or IgG-treated
control groups as calculated by Fisher’s exact test.

weeks old (19). The priming injection was given in the footpad and was followed
24 h later by a challenge LPS injection given intravenously. The optimal doses of
LPS were determined for each batch of LPS and ranged between 1 and 5 pg for
the footpad injection and between 200 and 400 pg for the intravenous injection.
Mortality was monitored after 24, 48, 72, and 96 h. No further mortality was seen
after 96 h. In all experiments described, MAbs and IL-12 p40 homodimer were
given i.p.

Endotoxin-induced shock. The LPS shock was induced in female C57BL/6
mice, 8 to 10 weeks old, by the i.p. injection of S. abortus-equi LPS (350 pg in 0.2
ml of sterile PBS per mouse). With a dose of 350 pg per mouse, the 100% lethal
dose is almost reached (see Table 2). Mortality was monitored 24, 48, and 72 h
after LPS injection.

LPS/p-GalN-induced shock. Female C57BL/6 mice, 8 to 10 weeks old, were
injected i.p. with a mixture of S. abortus-equi LPS (0.1 pg in 0.2 ml of sterile PBS
per mouse) and p-GalN (10 mg in 0.2 ml of sterile PBS per mouse; Roth,
Karlsruhe, Germany) in order to sensitize to the lethal effects of LPS (8).
Mortality was monitored after 24, 48, and 72 h.

Detection of serum IFN-vy levels. IFN-y was measured by enzyme-linked im-
munosorbent assay using rat IgG1 MAbs AN18 and XMG1,2 (6, 21). The
detection limit of this assay was 40 pg/ml.

RESULTS

Homodimeric p40 prevents mortality in the Shwartzman
reaction. Groups of five NMRI mice received two consecutive
injections of LPS. The priming injection was given in the foot-
pad and was followed 24 h later by the intravenous challenge
injection. The reaction was lethal only if the mice received both
the preparative and the challenge injections. A single footpad
or a single intravenous injection was ineffective in inducing
shock.

It had been shown earlier that one single injection of MAb
neutralizing mIFN-y activity protects mice from lethality when
given i.p. at time of priming (19). Similar results were obtained
with MAD against mIL-12. Confirmatory data are presented in
Table 1: MAD directed either against IFN-y or against IL-12
rescued mice from the shock reaction. Furthermore, Table 1
shows that (p40), was able to protect mice in a dose-dependent
manner. Intraperitoneal injection of (p40), (100 pg/mouse) at
the time of priming and 10 and 23 h later resulted in 95%
survival of the animals. Application of less (p40), (Table 1) and
application of (p40), fewer than three times (not shown) re-
sulted in a decreased percentage of survival.

The TNFR IgG was shown to be protective in the LPS/p-
GalN-induced shock syndrome (14) (see below). Table 1 dem-
onstrates that TNFR IgG had no positive effect on survival in
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FIG. 1. Homodimeric p40 decreases IFN-y serum levels in the Shwartzman
reaction. Groups of five NMRI mice received two consecutive injections of LPS.
For priming, 5 pg of LPS was given in the footpad, followed 24 h later by a
challenge with 400 pg of LPS. Furthermore, mice were injected i.p. with 100 pg
of anti-IL-12 MADb C15.6.7 (or irrelevant rat IgG) at time of priming or with 100
ug of (p40), (or PBS) at time of priming and 10 and 23 h later. IFN-y serum
levels were determined 6 h after the challenge LPS injection. To facilitate IFN-y
determination, all mice were injected i.p. with MAb GR20 (200 wg) directed
against the IFN-vy receptor at the time of LPS challenge. *, significantly different
(P < 0.001) from values for PBS- or IgG-treated control groups as calculated by
Student’s ¢ test.

the experimental Shwartzman shock syndrome when given at
the time of priming and during challenge.

IFN-vy has been shown to be necessary for the manifestation
of lethality in the generalized Shwartzman reaction. Since
(p40), inhibits IL-12-induced IFN-y production in vitro (11,
16), we examined the effect of (p40), application on IFN-y
serum levels. For determination of IFN-v, mice were sacrificed
and heart blood was collected. Peak IFN-y levels were reached
6 h after the LPS challenge injection. Figure 1 demonstrates
that (p40), decreased IFN-y serum levels comparably to a
MAD neutralizing IL-12. The average amount of IFN-y serum
level compared to the control group was reduced about five-
fold in mice treated with anti-IL-12 reagents. These results
clearly indicate that (p40), is a potent IL-12 antagonist in vivo.

Homodimeric p40 prevents mortality in endotoxin-induced
shock. To further confirm that (p40), inhibited IL-12 activity in
vivo, we investigated its influence in another LPS shock syn-
drome (LPS shock). In this model, groups of five C57BL/6
mice were injected i.p. with 350 wg of LPS (S. abortus-equi) per
animal.

For pretreatment, mice received MAb neutralizing IL-12
activity or (p40), 24, 12, and 1 h before LPS application. For
determination of IFN-y serum levels, blood was taken from the
tail vein. As can be seen in Table 2, application of anti-IL-12
MADb 10F6 or (p40), raised the survival rate to 90 and 93%,
respectively, whereas only 12% of the mice in the PBS-treated
group survived. In this model, TNFR IgG was found to have a
partial positive effect on survival, because the proportion of
survivors was raised to 70%. In addition, combined adminis-
tration of TNFR IgG and IL-12 p40 homodimers was able to
completely protect mice from LPS-induced shock (data not
shown).

Anti-IL-12 MADb 10F6 as well as (p40), were able to de-
crease dramatically peak serum IFN-y levels, measured 8 h
after LPS application (Fig. 2). IFN-y serum levels were five- to
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TABLE 2. Homodimeric IL-12 p40 prevents mortality in the
endotoxin-induced shock syndrome

INFECT. IMMUN.

TABLE 3. Homodimeric IL-12 p40 does not prevent mortality in
the LPS/p-GalN-induced shock syndrome

Treatment No. of expt No. of survivors/no. tested % Survival Treatment No. of expt No. of survivors/no. tested % Survival
PBS 5 3/25 12 PBS 4 0/20 0
Anti-IL-12¢ 2 9/10 904 Anti-IL-12¢ 2 0/10 0
(p40),” 3 14/15 93¢ (p40),” 2 2/10 20
TNFR IgG* 2 7110 704 TNFR IgG* 4 18/20 904

%100 pg of rat anti-mIL-12 MAb 10F6 was administered i.p. 24, 12, and 1 h
before LPS challenge.

2100 pg of homodimeric p40 was administered i.p. 24, 12, and 1 h before LPS
challenge.

€20 pg of TNFR IgG was administered i.p. 1 h before LPS challenge.

< Significantly different (P < 0.002) from value for PBS-treated control group
as calculated by Fisher’s exact test.

sixfold lower in animals treated with IL-12 antagonists than in
control mice. It should be mentioned that IFN-v levels corre-
lated well with survival or death of individual animals (data not
shown). The potency of (p40), as IL-12 antagonist in vivo was
demonstrated again.

Homodimeric p40 does not prevent mortality in LPS/p-
GalN-induced shock. The next investigated shock syndrome
was induced by the application of LPS (0.1 ng/mouse) together
with pD-GalN (10 mg/mouse) to groups of five C57BL/6 mice.

For pretreatment, mice were injected i.p. with IL-12-neu-
tralizing MAb or (p40), 24, 12, and 1 h before, or with TNFR
IgG 1 h before, application of LPS/p-GalN. TNFR IgG has
been shown to be protective in this model (14). Table 3 shows
that TNFR IgG raises the proportion of surviving animals to
90%, whereas no animal in the control group survived. Neither
anti-IL-12 MAb 10F6 nor (p40), had a protective effect in this
model. In addition, MADbs neutralizing IFN-y had no effect
(not shown). IL-12 seems to play a minor role, if any, in the
LPS/p-GalN-induced shock syndrome.
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FIG. 2. Homodimeric p40 decreases IFN-y serum levels in endotoxin-in-
duced shock syndrome. Groups of 5 C57BL/6 mice were injected i.p. with 350 g
of LPS (S. abortus-equi). For pretreatment, mice received MAb neutralizing
IL-12 (clone 10F6, 200 pg) or (p40), (100 pg) 24, 12, and 1 h before LPS
application. IFN-y serum levels were determined 8 h after LPS injection. *,
significantly different (P < 0.001) from value for PBS-treated control group as
calculated by Student’s ¢ test.

%100 pg of rat anti-mIL-12 MAb 10F6 was administered i.p. 24, 12, and 1 h
before LPS/p-GalN challenge.

?100 pg of homodimeric p40 was administered i.p. 24, 12, and 1 h before
LPS/p-GalN challenge.

€20 pg of TNFR IgG was administered i.p. 1 h before LPS/p-GalN challenge.

“ Significantly different (P < 0.0001) from value for PBS-treated control group
as calculated by Fisher’s exact test.

DISCUSSION

Table 4 summarizes our findings. In experimental shock
syndromes with IL-12 playing the central role, such as the
Shwartzman reaction and endotoxin-induced shock, (p40), is
able to prevent mortality from mice, thus demonstrating its
potency as an IL-12 antagonist in vivo. In both models, (p40),
strongly reduced IL-12-induced IFN-y. In these models, TNFR
IgG does not provide full protection even though a certain
effect can be seen in endotoxin-induced shock. In contrast,
TNFR IgG can rescue mice from LPS/p-GalN-induced shock,
a model in which anti-IL-12 or anti-IFN-y reagents have no
effect.

Recently a new cytokine called IFN-y-inducing factor (now
called IL-18) was described (18). This factor was found to be
critical in the induction of liver injury caused by endotoxin
exposure of mice treated with Propionibacterium acnes. Treat-
ment of mice with anti-IL-18 antibodies was able to prevent
liver damage (18). In mice sensitized to the lethal effect of LPS
by treatment with the avirulent bacille Calmette-Guérin
(BCG) vaccine strain of Mycobacterium bovis, neutralizing an-
ti-IL-12 antibodies were able to protect from shock-induced
death (28). These studies suggest that IL-18 and/or IL-12 plays
a critical role in development of septic shock. Potentially they
act in synergy (17), and neutralizing one of both cytokines is
sufficient for protection.

Our results obtained with MAb against IL-12 very closely
parallel data published by Wysocka et al. for BCG-primed
mice challenged with LPS (28). In this study, neutralizing anti-
IL-12 antibodies were shown to inhibit IFN-y production and
mortality elicited by LPS. These results were confirmed by a
recent report showing a fivefold reduction of serum IFN-y
levels in IL-12-deficient mice compared to wild-type mice upon
challenge with LPS (15).

We have found significant reduction of serum IFN-vy levels
after LPS challenge of mice treated with either anti-IL-12
MADb or homodimeric IL-12 p40. Preliminary data indicated
that serum TNF-a was not reduced following treatment (data
not shown). Similar results were published very recently by

TABLE 4. Prevention of shock by TNFR-IgG, homodimeric IL-12
p40, and anti-IFN-vy in different models

Prevention of shock by:
Shock model

TNFR-IgG (p40), Anti-TFN-y
Shwartzman No Yes Yes
LPS Partial Yes Yes
LPS/p-GalN Yes No No
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Heinzel et al., who found significantly reduced serum levels of
IFN-v, but no change in the concentration of TNF-« and IL-12
heterodimer, in mice challenged with LPS and treated with
recombinant homodimeric IL-12 p40 (12). These data suggest
that homodimeric IL-12 p40 and anti-IL-12 MAD specifically
block the interaction of IL-12 with its receptor, thereby antag-
onizing cellular activation, which results in selective inhibition
of IFN-y production. Interestingly, treatment with anti-IL-12
antibodies and homodimeric IL-12 p40, thereby targeting the
ligand or the receptor, respectively, is similarly effective. Proin-
flammatory cytokines other than IFN-y, such as TNF-«, ap-
pear to be regulated independently of IL-12. Moreover, our
data show that selective inhibition of IL-12-induced IFN-y
production is sufficient to protect mice from the lethal effects
of LPS.
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